Previous studies have demonstrated that the slope of the function relating the action potential duration (APD) and the diastolic interval (DI), known as the APD restitution curve, plays an important role in the initiation and maintenance of ventricular fibrillation (VF). Since the APD restitution slope critically depends on the kinetics of the L-type Ca 2+ current, we hypothesized that manipulation of the subunit composition of these channels may represent a powerful strategy to control cardiac arrhythmias. We studied the kinetic properties of the L-type Ca 2+ channel 
Introduction
Ventricular fibrillation (VF) occurs when a propagating electrical wave breaks apart into multiple reentrant spiral waves, as it passes through tissue with non-uniform electrical properties (34) . Traditionally, wave break causing VF has been attributed chiefly to pre-existing structural and electrophysiological heterogeneity, which is exacerbated by remodeling in the setting of heart disease. However, recent theoretical and experimental studies have shown that wave break can arise from dynamical factors as well (4, 6, 34) . A key dynamical factor regulating wave break is the APD restitution, which refers to the dependence of APD on the preceding diastolic interval (DI). Experimental and theoretical studies have shown that the initiation and maintenance of ventricular fibrillation (VF) is strongly influenced by the slope of the APD restitution curve (4, 6) , such that a steep restitution curve (slope>1) destabilizes reentry and promotes wave break. Drugs that flatten the APD restitution curve, such as verapamil and bretylium, have been shown to convert VF to ventricular tachycardia (VT) (4, 23, 35) and, in computer simulations, to decrease the vulnerable window for initiation of reentry (20) .
The APD restitution curve depends on the time course of ion currents that regulate the voltage across the cell membrane. The predominant inward current during the plateau of the AP is the Ltype Ca 2+ current, which plays an important role in regulating the shape and kinetics of the AP (5, 21) . Critical aspects of the L-type Ca 2+ current which influence the APD restitution properties are its rate and degree of inactivation during the AP plateau, and also the rate of recovery from inactivation at the resting membrane potential. Accordingly, we hypothesized that manipulation of the subunit composition of the L-type Ca 2+ channel may provide a highly selective means to control the APD restitution characteristics in a therapeutically-desirable manner. In this work, we combined experimental and computational approaches to identify components of the Ca 2+ channel which can be genetically manipulated to reduce restitution slope.
To explore this possibility we took advantage of the structural composition of the L-type Ca 2+ channel in the heart (Ca v 1.2), which consists of a pore forming α 1C subunit and the regulatory subunits β and α 2 δ (16, 31, 32) . Studies have shown that β-subunits (thought to be β 2b in the heart (2)), which bind to the intracellular linker between domains I and II of the α 1 -subunit (17, 18) , participate in the trafficking of the pore forming α 1C subunit and modulate its biophysical and kinetic properties (1, 10, 13, 14) . Although the modulation of voltage-dependent inactivation by β subunits has been extensively investigated, their modulatory effects under conditions relevant to the shape of the APD restitution curve, using Ca 2+ as charge carrier, have not been explored. Thus, we present novel data using Ca 2+ as charge carrier to preserve Ca 2+ dependent inactivation, to investigate the inactivation and recovery kinetics of four different subunits compositions of L-type channel (α 1C+ α 2 δ, α 1C+ α 2 δ + β 2a , α 1c+ α 2 δ + β 2b and α 1c+ α 2 δ + β 3 ) of the human Ca v 1.2 channel expressed in Xenopus Laevis oocytes. Although β subunits have been successfully expressed in adult cardiac myocytes using recombinant adenovirus infection (2, 31),
we used the oocyte expression system to be able to precisely control specific channel compositions, including the lack of any endogenous beta subunits (α 1C+ α 2 δ), without the confounding influences of native L-type Ca channel subunits present in cardiac myocytes. To estimate the influence of the subunit composition on the APD restitution properties, we developed a phenomenological model of the L-type Ca 2+ current, in which all kinetic properties could be fitted directly to the experimental measurements. Incorporating this model into an established mathematical model of the ventricular AP, we explored the relationship between APD restitution and the kinetics of different subunit compositions, assuming that the β 2b subunit mostly closely resembles the native L-type Ca current (2) . Based on these studies, we find that the shape of the APD restitution curve is sensitive to subunit composition of the L-type Ca 2+ channel, as a consequence of the strong β subunit modulation of the degree of Ca 2+ and voltage dependent inactivation. Using this AP model we also explored the relationship between spiral wave stability and L-type Ca 2+ current kinetics, to show that spiral wave break up can be eliminated by manipulating the subunit composition of the L-type channels.
Molecular biology and Oocyte preparation
We have used the human L-type Ca 2+ channel α 1C , 77 (26, 27, 37) 
with , and where the steady state inactivation gates are chosen to have the mathematical
where and are the Ca 
Hereafter, we will refer to model results using these parameters as the wild type case (WT), since these parameters reflect Ca current kinetics under physiologic conditions. All model parameters, aside from the modified L-type Ca current parameters, are taken directly from Shiferaw et al. (23) and from the Fox AP formulation (3).
S1-S2 restitution:
The S1-S2 restitution curve was computed by pacing the cell to steady state at an S1 pacing cycle length (PCL) of 400 ms, and then delivering the S2 stimulus at varying coupling intervals. The APD after the last stimulus was then graphed versus the DI of the previous beat. injecting cRNA encoding for β 2b , at 50% and 200% of the concentration used in this study (0.2mg/ml). Also, we found no significant difference in the peak current amplitude and inactivation kinetics when the cRNA encoding for β 2b , was injected at 50% (0.1mg/ml) or 200% (0.4mg/ml) of the concentration used in this study. I-peak (0.1mg/ml)=108.1±4.6nA; I-peak (0.2mg/ml)= 94.1±18.6nA; I-peak (0.4mg/ml)=102.2±24.7nA. Similarly, no significant difference was observed in the time constant of the Ca 2+ current inactivation during 400ms depolarization (τ inact ) for the three concentration of β 2b subunits. At +10mV, τ inact (0.1mg/ml) =92.0±7.8ms; τ inact (0.2mg/ml) =82.6±3.5ms τ inact (0.4mg/ml) =85.6±3.6 (n=4 for each concentration ratio, same day same batch of oocytes), demonstrating that under our conditions (0.2mg/ml) the experiments are performed at the saturating part of the dose-response curve for β subunit effect. In fact, β 2b is the largest of the β subunits used in this study (628aa), giving the smallest (most unfavorable) α:β molar ratio when co-expressed with α1C (see Methods).
The subunit composition of the L-type Ca 2+ channel modulates the rate of Ca 2+ -and
Voltage-induced inactivation
The α 1C subunit undergoes Ca -induced inactivation was observed with "no-beta" and β 2a , such that only 55±4% and 59±0.3% of total Ca 2+ current was inactivated by the 400 ms pulse respectively. We have chosen this potential since the AP plateau in intact tissue is typically in the +10 to +20 mV range, as measured by glass microelectrode recordings (for example see (25)). Moreover, +10 mV is near the voltage at the end of AP plateau, which is most relevant to recovery from inactivation. These findings demonstrate that both the extent and time constant of Ca 2+ -induced inactivation can be modulated differentially by altering the channel β subunit composition. Note that the coexpression of β subunits greatly increased current density. Recording of α 1c +α 2 δ were performed after 6-8 days, while for all the other combination with β subunits 3-4 days were sufficient to achieve robust current density.
Recovery from Inactivation of L-type Ca 2+ Current
To investigate the effects of β subunits on recovery from inactivation, which has not been previously characterized in detail for β subunits with Ca as the charge carrier, we used a two pulse protocol. From a holding potential of -90mV, an inactivating (1s) pulse to +10 mV (P1) was followed, after a variable duration of repolarization, by a short (100ms) test pulse (P2) of the same amplitude. The time interval between P1 and P2 was progressively increased to monitor channel recovery. The interval between every repetitive cycle (between P2 and P1) was 20 s to avoid accumulation of inactivation. Representative experiments for the different subunit composition are shown in Figure 4 (A-D) . The corresponding time course of the recovery from inactivation is shown in Figure 4 E-H. The recovery kinetics were well fit by a bi-exponential function (fit superimposed, solid line). The averages of the fitting parameters for the fast and slow components of recovery are reported in Table 1 The fastest time constant of recovery from inactivation (37.8 ±3 ms) was observed for the α 1C +α 2 δ combination. However, this component only accounted for ~53% of the total current recovery. Co-expression of any β subunit significantly slowed this fast component of the recovery, and the fraction of the current undergoing faster recovery from inactivation was significantly larger: for β 2a , τ fast = 112±10 ms (75±2%), τ slow = 2018 ± 201 ms; for β 2b , τ fast = 108 ± 7 ms (82±1.5%), τ slow = 1830 ± 13 ms and for β 3 , τ fast = 85 ± 4 ms (77±2%), τ slow = 1224 ± 76ms. These results show that the β subunit composition of the L-type channels can differentially modulate the kinetics of recovery from inactivation.
Mathematical modeling of kinetic changes due to subunit modifications
To study how the β subunit composition of the L-type Ca 2+ channel is predicted to modulate the APD and the shape of the APD restitution curve, we simulated the effect of a given subunit modification on the kinetics of the L-type Ca 2+ current as formulated in the Fox AP action potential model (3) modified to include our dynamic Ca i cycling model (24 Table 2 .
The predicted APs from the Shiferaw-Fox AP model with the three different β subunit compositions incorporated into the L-type Ca 2+ current model are shown in Figure 5A . The long dashed line corresponds to the AP generated using the WT L-type Ca current parameters at steady state (1s cycle length pacing). All the kinetic modifications of the native currents tended to increase APD, with a marked APD prolongation for the β 2a and α 1C +α 2 δ compositions, and only a modest increase for β 3 . The corresponding Ca 2+ transients ( Figure 5B) show that the β 2a and α 1C +α 2 δ compositions also lead to Ca 2+ concentrations levels which are higher than in control, a direct consequence of the increase of Ca 2+ entry due to the incomplete inactivation induced by these modifications. Thus, we have adjusted the maximum conductance of the Ltype Ca 2+ current so that all subunit compositions had a similar APD at a DI of 350 ms. In this way, the influence of subunit expression on restitution kinetics can be evaluated while maintaining a comparable APD and Ca i transient magnitude. Figure 5C shows the S1S2 APD restitution curves for the WT cardiac myocyte (long dashed line), and the corresponding curves for the various β subunit modifications. APD restitution was substantially modified in the β 2a and α 1C +α 2 δ compositions. Figure 5D shows the slopes of APD restitution measured by the S1-S2
interval pacing protocol in the model (see methods). The control APD restitution slope was relatively steep (>1) at short DI, while the slopes for α 1C +α 2 δ and β 2a were shallower (<1) over all DI values. The corresponding APs and Ca 2+ transients during steady state pacing at 400 ms are shown in Figure 5E and F. Note that since the cycle length is faster, the APD and Ca transient are modified. In order to evaluate the effect of decreasing the conductance of the Ca 2+ current, independently of a concomitant modification of the inactivation kinetics, we have also simulated the effect of a general Ca 2+ channel blocker such as verapamil. Here, we simulate the blocker effect by decreasing the conductance of the Ca 2+ current by 50%. In Figure 5E and F we show the AP and Ca 2+ transient in this case (dotted line), indicating that direct Ca 2+ current blockage leads to an dramatic decrease of both APD and peak Ca i .
The effect of subunit modifications on spiral wave dynamics
To characterize the effects of the changes in APD restitution produced by various subunit compositions on the stability of reentry, we initiated reentry using a cross-field stimulation in simulated two-dimensional tissue (6.75x6.75 cm 2 ). Figure 6A shows voltage snapshots at 400 and 800 ms using the Shiferaw-Fox AP model, which had steep S1-S2 restitution (dashed black line in Fig. 5B ). As shown, a spiral wave that was initiated in the tissue was unstable and broke up into several wave fronts typical of a VF-like state. This break up occurred after 4 spiral wave rotations. The spiral wave meandered in a chaotic fashion, and as the wave tip followed the wave back. After 2 s, the fractionated wave fronts self-terminated by meandering to and colliding with borders of the tissue. Figure 6B shows the effects of the α 1C +α 2 δ subunit composition, which had the greatest effect at flattening APD restitution slope. In this case the initiated spiral wave remained intact as a single reentrant wave rotating around a stable circular core, and did not break up into VF-like state over the full 3 s duration (20 spiral wave rotations) of the simulation.
Similarly, Fig. 6C shows the spiral wave evolution at 600 ms and 3 s for the β 2a subunit parameters, again showing that the spiral wave was stabilized. It is interesting to note that the spiral wave tip morphology was different for each subunit composition tested. For the α 1C +α 2 δ subunit composition, the wavelength of the spiral wave was shortened at short DI which led to an increase in the excitable area near the spiral tip. This effect tended to stabilize the spiral wave as the propensity for wavebreak was decreased. On the other hand, the β 2a case led to a blunted spiral tip with a larger wavelength. However, in this case the waveback was smooth and did not induce wavebreak.
Discussion
We have characterized the inactivation and recovery kinetics of α 1c +α 2 δ channels (Ca v 1.2) expressed alone (α 1C +α 2 δ) and with β 3 , β 2a , and β 2b subunits of the Ca v 1.2 channel expressed in oocytes, using Ca 2+ as the charge carrier. The rate of inactivation at +10 mV, relevant to the late plateau phase of the cardiac AP which determines APD, was slowest in the α 1C +α 2 δ channels and progressively accelerated in the order α 1C +α 2 δ < β 3 < β 2a < β 2b . The amplitude of the Ca 2+ -induced inactivation component strongly depended on subunit composition. The inactivating component of Ca 2+ current mediated by channels expressed without β and channels coexpressed with β 2a was 55% and 59% respectively, whereas coexpression of β 2b and β 3 increased the inactivation to 83-84% of the total current. These differences had profound effects on the simulated ventricular APD, APD restitution, and spiral wave dynamics.
Whereas APD is sensitive to both the time constant and extent of Ca
2+
-induced inactivation, APD restitution at short DI primarily depends on the rate of L-type Ca 2+ current recovery from inactivation. In oocytes, we found that the time course of recovery was bi-exponential. For all the β subunits studied, the fast component of recovery from inactivation had a time constant in the 100 ms range, whereas the slower component had a time constant in the 1-2 s range. A double exponential time course of recovery from inactivation has also been described in human ventricular myocytes (9) . The amplitudes of the recovery components were similar for all the β subunit compositions we tested, with the fast component accounting for ∼75-80% of the total current recovery. However, in the absence of any β subunit the channel recovery kinetics were significantly different. In this case, the fast and slow components each accounted for ∼50% of recovery, and both time constants were accelerated by a factor of ∼2, compared to when a β subunit was present. These results demonstrate that the recovery kinetics of the L-type Ca 2+ current were relatively insensitive to β subunits, but changed dramatically when β subunits were eliminated.
To predict the physiological effects of different subunit compositions of the L-type Ca 2+ channel on the cardiac AP and APD restitution properties, we incorporated the measured kinetic properties of the L-type Ca 2+ current into a detailed ventricular AP model. In order to evaluate the effect of subunit composition changes on AP properties we rescaled the WT Ca current kinetics, using α 1c +α 2 δ+β 2b as reference. Implementing these kinetic changes, we found that all subunit modifications increased the pedestal current of the L-type Ca 2+ current, which, in the model, increased net inward current during the AP plateau. In particular, the coexpression with β 2a and α 1C +α 2 δ modifications prolonged APD dramatically to greater than 500ms, which may be proarrhythmic if not corrected by shortening APD back to control levels. Indeed, a defective L-type Ca 2+ channel inactivation is considered the underlying mechanism in the Timothy Syndrome, a congenital form of long QT (28). Thus, this study also emphasizes that to take advantage of the potency of the kinetic effects derived by the subunit modifications in preventing wave brake, a control of the total Ca 2+ entry has to be taken into consideration to prevent proarrhythmic consequences of APD prolongation and intracellular Ca 2+ overload. In order to study the effects on APD restitution and spiral wave stability in the model, we made the latter adjustment for all of the modified subunit compositions by reducing the maximum conductance of the L-type Ca 2+ current sufficiently to return APD back to its control value near ∼250 ms. As shown in Fig. 5C , APD restitution slope for the native L-type Ca 2+ current, was relatively steep (slope >1) at short DI, leading to spiral wave breakup into a VF-like state in two-dimensional tissue, as shown in Fig. 6A . Both of these properties, APD restitution slope >1 and spontaneous spiral wave breakup, are characteristic features of ventricular muscle from many mammalian species, including humans (7, 30, 36) . All other subunit combinations exhibited flatter APD restitution slopes. In β 3 , the effect was only modest, and not sufficient to flatten APD restitution slope to <1. On the other hand, the β 2a and α 1C +α 2 δ cases flattened APD restitution slope to <1
everywhere. So that both of these subunit modifications prevented spiral wave break up, as demonstrated in Fig. 6B and 6C.
Our simulations results showed that both the β 2a and α 1C +α 2 δ compositions, along with a reduction of Ca 2+ current amplitude, led to a flattened APD restitution curve. In order to understand the underlying mechanism for this effect, in Fig. 7A and B we have plotted the Ca current during the S1-S2 protocol used to compute the restitution curves shown in Fig. 5C .
Families of superimposed Ca current for the last S1 beat, and for a wide range of S2 intervals are shown for both the WT and the α 1C +α 2 δ composition. As expected the WT Ca current completely inactivates, and subsequently recovers from a small peak value (-10pA/pF) to a significantly higher value (-30 pA/pF) as the S1-S2 interval is increased. On the other hand the α 1C +α 2 δ composition recovers from a current amplitude of -10pA/pF to about -15 pA/pF, since lesser inactivation occurred in the last S1 beat. To confirm that Ca current entry indeed dictates APD restitution, in Fig. 7C we plot the integrated Ca current elicited by S2 beat as a function of DI. Indeed, the integral of the Ca current closely resembles the APD restitution curve (for WT and α 1C +α 2 δ) shown in Fig. 5C . Thus, in this case the flattening of the restitution is directly related to the fact that recovery from inactivation is diminished since the overall extent of inactivation was reduced.
An interesting finding of this study is that the modulation of Ca current kinetics seems to be potentially applicable for therapy only if the subunit changes are implemented in conjunction with a reduction of the current amplitude. For both the β 2a and α 1C +α 2 δ compositions, inactivation of the Ca current was dramatically altered so that the APD and Ca current entry was increased to unphysiological levels. However, we found that if the current amplitude was reduced, as for instance when a Ca channel blocker such as Verapamil is applied, it is then possible to both flatten APD restitution and to maintain physiologic Ca levels. In effect, the Ca entry due to the larger pedestal current allows the current amplitude to be decreased, which in effect reduces the contribution of Ca current kinetics, and also returns the Ca transient back to physiologic levels (Fig 5E and F) . Thus, in this case the detrimental effects of the subunit composition changes could be countered by simply decreasing the current amplitude. These results highlight the complex interplay of various components of the cell electrophysiology, so that targeting the ion channel kinetics leads to downstream changes which must be balanced by at lease one more independent change.
Some studies (8) have argued that the dynamic rather than S1-S2 restitution curve is predictive of spiral wave break up. The dynamic restitution curve is found by measuring the steady state APD as a function DI at a fixed pacing cycle length. Since this is a steady state measurement, the dynamic restitution is sensitive to a variety of slow ionic processes, such as Na + and Ca 2+ ion accumulation regulated by ion exchangers and pumps. Consequently, the Shiferaw-Fox model using the WT parameters, reached steady state only after about 20 beats. Since this time is much longer than the roughly 3-5 spiral wave rotations needed for an intact spiral wave to break up, the dynamic restitution, in this case, is less directly relevant to spiral wave stability. On the other hand, the S1-S2 restitution curve reflects the immediate response of the APD to variations in DI induced by a change in cycle length. Hence, a steep S1-S2 restitution slope leads to large APD variations along the spiral wave, which leads to a non-uniform waveback distribution which induces wavebreak. Indeed, this is consistent with our simulation results since the β 2a and α 1C +α 2 δ compositions directly influenced Ca 2+ current recovery and thus S1-S2 restitution slope.
It is important to stress that the approach presented here is distinct from previous studies (4, 23) showing that marked reduction of the L-type current, via a Ca 2+ channel blocker such as Verapamil, can flatten restitution slope and prevent spiral wave breakup. In those studies, the reduction of the L-type current led to a large decrease in Ca 2+ entry and thus markedly suppressed contractility. In our numerical study, Ca 2+ entry is preserved since the reduction of the L-type current is introduced only to compensate for the overall reduced inactivation observed with the "β 2a " and α 1C +α 2 δ composition. Therefore, flattening of APD restitution is achieved while preserving normal and preventing excessive Ca 2+ entry into the cell. In Figure 5E and 5F, we simulated the effect of a direct decrease of the Ca 2+ current conductance (50% reduction) and indeed found that the peak Ca 2+ transient is reduced by almost a factor of 5, while the APD is decreased by roughly a factor of 2. The dramatic decrease in peak Ca 2+ occurs over several paced beats, since a new equilibrium point must be reached, in which the efflux due to the NaCa exchanger current will balance the current influx due to the reduce Ca 2+ current. In general, this leads to a marked reduction of the sarcoplasmic reticulum (SR) content since Ca 2+ influx is essentially cut in half. The advantage of decreasing the expression levels of β 3 and β 2b or overexpressing β 2a along with a reduction in the current conductance is that Ca 2+ entry over one beat can be preserved. Thus, control of β subunit expression offers an alternative way of controlling restitution slope and wave stability.
Given the results in this study, it is worth asking whether Ca 2+ channel subunit modifications can be developed to the point of being a viable therapeutic strategy. A particular limitation of current gene therapy approaches is that expression levels tend to be heterogeneous. However, it is important to point out that electrotonic coupling dramatically smoothes out cell-to-cell heterogeneities. Thus, the challenge is to modify "enough" cardiac cells in order to change the electrophysiology of cardiac tissue over a tissue scale which is relevant to the dynamics of a spiral wave. With improved vector technology, this may be achievable in the foreseeable future.
Limitations
One important limitation predicted by this study is that the β subunit modifications yield therapeutic effects only if the Ca current amplitude is adjusted to keep transsarcolemmal Ca entry roughly constant in the face of different inactivation kinetics. This is essential for avoiding either excessive suppression of the Ca transient, or Ca overload which can be directly arrhythmogenic. The Ca current amplitude is, however, a tractable target, since different Ca current blockers are available and can be dosed to achieve a desired level of current block. In the broader perspective, it is likely that any therapeutic strategy which targets current kinetics will likely inflict side effects which will have to be controlled using an independent mechanism. Recognizing the limitations discussed above, these results offer a first proof of concept that a non-pharmacological tool (i.e. the use of modulatory subunit specific for Ca 2+ channels) might be strategically applied to control cardiac wave stability to prevent spiral wave break up in the heart. Figure Legends shown in Figure 5C .
